5-8,13
To investigate how Cas13b processes pre-crRNA, recognizes crRNA and settles the spacer nucleotides for target recognition, we solved the crystal structure of Bergeyella zoohelcum Cas13b (BzCas13b) in complex with its crRNA at 2.79 Å resolution (Supplementary information, Table S1 ). The binary complex was obtained by the SeMet-derived BzCas13b R1177A mutant co-expressed with CRISPR template in vivo. The architecture of BzCas13b assumes a triangular domain distribution around the central L-shaped crRNA ( Fig. 1a-e ; Supplementary information, Movie S1). In the binary complex, Helical-1, HEPN-1 and HEPN-2 domains together form one side of the triangular structure. Helical-1 domain comprises six α-helices connected with random loops (Supplementary information, Fig.  S1 ). The second side of the triangle is formed by RRI-1 (the repeat region interacting domain-1), RRI-2 domains and the linker region. RRI-1 domain can be subdivided into two separate motifs (RRI-1 I and II) that stack onto each other. Both motifs contain a short twostranded, antiparallel β-sheet flanked by five α-helices. RRI-2 domain includes a long central two-stranded, antiparallel β-sheet flanked by two α-helices, and a short central two-stranded, antiparallel β-sheet flanked by three α-helices. The linker region consists of random loops that connect two short α-helices, which shows multiple interactions with RRI-2 domain. Helical-2 domain is composed of nine α-helices and its rather long helix-23 extends in parallel with crRNA, thereby forming the third side of the triangle. Helix-8 of Helical-1 domain and helix-23 of Helical-2 domain protrude out of the complex in a crab claw-like manner to clamp the spacer region of crRNA (Supplementary information, Fig. S1 ). In addition, HEPN-1 domain bridges Helical-1 and Helical-2 domains.
A mature 52-nt crRNA, originated from a co-expressed CRISPR encoding sequence and being processed by BzCas13b itself in E.coli cells, was identified in the binary complex. The mature crRNA contains an intact 36-nt repeat region (G(-1)-C(-36)) and a 5′-upstream spacer region (A(22)-A(1)) (Fig. 1d, e) . In particular, an additional nucleotide A(-37) from the space region was also identified in the mature crRNA, which locates 3′-downstream of the repeat region (Fig. 1d-f) . On the whole, crRNA adopts the Lshaped architecture (Fig. 1e) . The conformation of the repeat region shows a distorted RNA duplex, while the spacer region makes a~90°t urn. The repeat region can be further divided into four sub-regions: stem-1, internal-loop, stem-2 and loop regions. In the stem-1 region, the nucleotides G(-1)-G(-4) and C(-33)-C(-36) form four canonical Watson-Crick base pairs, and G(-5) forms two hydrogen bonds with A(-32) (Fig. 1d, g ). In the stem-2 region, the nucleotides G(-10)-C(-15) and G(-22)-U(-27) form four Watson-Crick base pairs and two wobble G-U base pairs. In the internal-loop region, two nucleotides U(-30) and C(-8) twist away from the RNA duplex, and A(-7) forms hydrogen bonds with A(-29) (Fig. 1h) . Notably, the nucleotide U(-30) stacks with the spacer nucleotide A(1), which stabilizes their conformations (Fig. 1e) . While deletion of U(-30) significantly decreased the pre-crRNA processing by the protein, the deletion of C(-8) almost abolished it (Fig. 1i) . The nucleotide U(-9) interacts with A (-28) through a hydrogen bond, but does not form a WatsonCrick base pair (Fig. 1h) . The nucleotides A(-6), C(-8), U(-30) and C (-31) remain unpaired within this region. In addition, the nucleotides A(-16)-G(-21) constitute the loop region.
The crRNA makes extensive intermolecular interactions with multiple domains of BzCas13b except HEPN-2 domain (Fig. 1b) . The majority of the interactions play a key role in stabilizing the crRNA phosphodiester backbone (Supplementary information, Fig. S2 ). The repeat region of crRNA is anchored inside the pocket formed by Helical-2, two RRI domains and the linker region (Fig. 1b, j The linker region of BzCas13b entangles with the crRNA duplex region and contributes a number of interactions with four subregions of the repeat region. About 11 residues of the linker region interact with the sugar-phosphate backbone of the nucleotides G(-5)-A(-29) (Supplementary information, Fig. S3f-h) . Particularly, the side chain of F887 stacks with U(-9), which significantly displaces the orientation of C(-8). As a result, C (-8) flips outward from the crRNA duplex. The N4, O2 atoms and the 2′-hydroxyl group of C(-8) form hydrogen bonds with Q648, K660 and F887, respectively, which further stabilize the conformation of C(-8) (Fig. 1k) . Furthermore, the neighboring A(-7) stacks between A(-28) and A(-6), with the 2′-hydroxyl group hydrogen-bonding with the N6 atom of A(-28) (Fig. 1h) . Additionally, the side chain of Y884 wedges between G(-5) and A(-6), stacking with them.
Helix-27 of Helical-2 domain disturbs the orientation of the nucleotide A(1), and there is a swinging of A(1) relative to G(-1) (Fig. 1l) . Interestingly, the nucleotide A(1) stacks with U(-30) and their spatial orientations show a certain degree of continuity. This suggests that the nucleotide U(-30) may play a specific role in 5′-PFS recognition through base pairing. To verify this notion, the nucleotide U(-30) was replaced by G(-30) and the crRNA mutant was tested for the target RNA cleavage. Unexpectedly, the mutation did not detectably alter pre-crRNA processing or the non-cytosine 5′-PFS targeting preference of BzCas13b (Supplementary information, Fig.  S4a, b) . One possible explanation is that the cytosine of 5′-PFS may
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compete with C(-36) to pair with G(-1), which may hinder the conformational activation for the target cleavage. Additionally, mutations of residues involved in the interactions with the repeat region did not obviously influence the pre-crRNA processing and target RNA cleavage (Supplementary information, Fig. S4c, d) .
The spacer region is wrapped by Helical-1, HEPN-1, two RRI domains on one side, and by Helical-2 domain on the other side. It adopts a U-shaped turn in the region of A(8)-A(1). Due to the flexibility and accessibility to the environmental solvent, the electron density of the nucleotides G(15)-A(9) within the spacer region is poor and these nucleotides are not determined in the present model (Supplementary information, Fig. S5a ). However, the discontinuous electron density of G (15) (Fig. 1m, n) . The side chain of residue V756 generates an obstruction to the motion of the nucleotide A(1). In line with the pre-crRNA processing experiment, the deletion of the nucleotide U(-30) greatly decreased target RNA degradation, and the deletion of C(-8) resulted in no observable cleavage activity (Fig. 1o) . However, the mutation of C(-8) or U(-30) did not notably affect the pre-crRNA processing and the cleavage of target RNA (Supplementary information, Fig. S4e, f) . In addition, the R330A mutation significantly decreased the cleavage activity, and the K151A, H306A and Y415A mutations only slightly reduced the cleavage activity (Fig. 1p, q) .
The mature crRNA contains an intact 36-nt repeat region and an additional 3′-downstream spacer nucleotide A(-37) ( Fig. 1r;  Supplementary information, Fig. S5a ). Residues surrounding the nucleotide A(-37) have been speculated to play a critical role during the pre-crRNA processing. To determine residues that comprise the catalytic site, mutational analysis has been carried out and a pre-crRNA consisting of two repeats separated by a spacer has been used as the processing target (Fig. 1s) . BzCas13b is active in pre-crRNA processing, whereas alanine substitution of K452 or R459 abolished this activity. Considering that these two residues from RRI-2 domain are conserved among Cas13b homologs (Supplementary information, Fig. S6 ), they play an essential role for the catalytic activity. The pre-crRNA cleavage may be through a base-catalyzed process. Moreover, mutations of R450A, I461A and K775A lead to significantly reduced activity, whereas the mutation of K563A or K566A results in a limited decrease of the catalytic activity. In addition, in order to verify whether A(-37) possesses the base specificity for the precrRNA cleavage, A(-37) was mutated to G, C and U, respectively. Results indicate that base type change at this position does not influence the cleavage activity, whereas the mutation of K452A or R459A still abolishes the catalytic activity (Supplementary information, Fig. S4g) . Thus, BzCas13b processes pre-crRNA one nucleotide 3′-downstream of the repeat RNA duplex structure, which resides at the spacer region regardless of the base type (Fig. 1t) . This feature has been further verified by RNA sequencing (Supplementary information, Fig. S7 ).
The previous study has revealed that residues R116, H121, R1177 and H1182 from two HEPN domains of BzCas13b are involved in the cleavage of the target and collateral RNAs. 6 Here, we demonstrated that a single R116A or R1177A mutation was sufficient to abolish the target RNA cleavage activity (Fig. 1p) . Despite the fact that two R-X 4 -H motifs face each other, the distance between the backbone Cα atoms of residues R116 and R1177 in the present model is~18.6 Å, which remains too distant for the catalysis (Fig. 1u) . Therefore, further conformational adjustment is required for BzCas13b to exhibit its RNase activity.
Although Cas13a and Cas13b exhibit distinct domain architectures, they may employ a similar strategy to fulfill the crRNAmediated RNA targeting and cleavage (Supplementary information, Figs. S8 and S9). 5, 6, 14, 15 In summary, the present study determines the molecular architecture of the BzCas13b binary complex, which reveals the catalytic site for pre-crRNA cleavage and elucidates the crRNA recognition pattern. Our study can be further used to leverage Cas13b in a wide range of potential applications.
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The atomic coordinates and structure factors of the BzCas13b-crRNA complex has been deposited in the Protein Data Bank under the accession code 6AAY. Fig. 1 Structural and biochemical studies of the BzCas13b-crRNA binary complex. a Domain organization of BzCas13b. b Overall structure of the BzCas13b-crRNA binary complex, color-coded as defined in (a). c Surface representations of the BzCas13b-crRNA binary complex. d Schematic representation of the crRNA secondary structure. Bars between nucleotide pairs represent Watson-Crick base pairs and dots represent wobble G-U base pairs. The disordered nucleotides are colored in grey. e Structure of the crRNA in the BzCas13b-crRNA binary complex. Dots represent possible positions of the disordered nucleotides within the spacer region. f-h Detailed base pair interactions within crRNA. Hydrogen bonds are shown as dashed lines. i Denaturing gel demonstrating the cleavage of pre-crRNA, the △C(-8) and △U(-30) pre-crRNA mutants by wild-type BzCas13b. j Surface representation of BzCas13b HEPN-1, RRI-1, RRI-2, Helical-1 domains and the linker region (LR) in complex with crRNA. k-n Detailed interactions between crRNA and different domains of BzCas13b. o Denaturing gel demonstrating the cleavage of target-1 RNA by wildtype BzCas13b in complex with crRNA, the △C(-8) and △U(-30) crRNA mutants, respectively. p, q Denaturing gel demonstrating the cleavage of target-1 RNA by wild-type BzCas13b and the mutants in complex with crRNA. r Close-up view of BzCas13b active site for the pre-crRNA processing. The 2Fo-Fc omit map is contoured at 1.0 σ level. s Denaturing gel demonstrating the pre-crRNA cleavage by wild-type BzCas13b and the mutants speculatively involved in the pre-crRNA processing. t Schematic representation of BzCas13b processing pre-crRNA at the phosphodiester bond connecting two spacer nucleotides located directly 3′-downstream of the repeat region. u Close-up view of BzCas13b active site for the target RNA cleavage. Residue A1177 of the BzCas13b R1177A mutant binary complex was virtually mutated back to R1177
